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Structure of a Helically Extended SH3
Domain of the T Cell Adapter Protein ADAP
2001). From a molecular perspective, ADAP represents
a new member of the increasingly large family of nonen-
zymatic, hematopoietic scaffolding proteins (Tomlinson
Katja Heuer,1 Michael Kofler,1 Grant Langdon,
Katharina Thiemke, and Christian Freund*
Protein Engineering Group
Forschungsinstitut fu¨r Molekulare et al., 2000). In addition to tyrosine-phosphorylation
sites, ADAP contains a number of proline-rich motifsPharmakologie and
Freie Universita¨t Berlin that mediate the interaction with the SH3 domain of
SKAP55 (Liu et al., 1998; Marie-Cardine et al., 1998) andRobert-Ro¨ssle-Strasse 10
13125 Berlin the EVH1 domain of VASP (Krause et al., 2000) (Figure
1A). ADAP itself contains two regions of homology toGermany
SH3 domains: a fragment comprising residues 494–569
and a C-terminal domain (residues 689–765, this study)
formerly suggested to associate with a proline-indepen-Summary
dent motif in SKAP55 (Kang et al., 2000).
SH3 domains were originally identified as homologyThe adapter protein ADAP (FYB/SLAP-130) provides
a critical link between T cell receptor (TCR) signaling regions within diverse signaling proteins (Mayer et al.,
1988; Stahl et al., 1988) and subsequently described asand cell adhesion via the activation of integrins. The
C-terminal 70 residues of ADAP show homology to protein interaction domains with the potential to bind
proline-rich sequences (Ren et al., 1993). ConservedSH3 domains; however, conserved residues of the fold
are absent. An alignment and annotation of this do- aromatic and hydrophobic amino acids within canonical
SH3 domains form two hydrophobic pockets which ac-main has therefore been elusive. We have solved the
three-dimensional structure of the ADAP C-terminal commodate the left-handed type II polyproline helix of
the ligand (Yu et al., 1994; Musacchio et al., 1994). Fromdomain by NMR spectroscopy and show that it repre-
sents an altered SH3 domain fold. An N-terminal, am- these initial studies, SH3 domains were anticipated to
interact with PxxP core motif containing peptides ofphipathic helix makes extensive contacts to residues
of the regular SH3 domain fold, and thereby a compos- various target proteins. Recently, several SH3 domains
have been structurally characterized that bind to ligandsite surface with unusual surface properties is created.
We propose this SH3 domain variant to be classified devoid of the PxxP motif. (Cestra et al., 1999; Mongiovi
et al., 1999; Barnett et al., 2000; Kato et al., 2000; Ghoseas a helically extended SH3 domain (hSH3 domain)
and show that the ADAP-hSH3 domain can no longer et al., 2001; Lewitzky et al., 2001; Nishida et al., 2001;
Kami et al., 2002; Liu et al., 2003; Harkiolaki et al., 2003).bind conventional proline-rich peptides.
To a large extent, the RT loop of the respective SH3
domains account for the altered ligand binding proper-Introduction
ties. The RT loop is the region of highest sequence
variability and structurally defines the specificity pocketThe recognition of MHC-peptide complexes by the clo-
notypic T cell receptor (TCR) is translated into several of the domain. The C-terminal SH3-like domain of ADAP
not only contains an RT loop of unusual amino aciddynamic changes at the T cell:antigen-presenting cell
contact area. The phosphorylation of intracellular TCR composition (Figure 1B, amino acids 714–731 of ADAP),
it also acquired several mutations at positions that aresubunits and associated molecules is thought to be a
key event that initiates such diverse changes as calcium otherwise conserved within the fold family (Figure 1B).
For example, the residues with the lowest positionalflux, cytokine production, and cytoskeletal rearrange-
ments. ADAP (adhesion- and degranulation-promoting entropy in SH3 domains (Larson and Davidson, 2000)
are W119 and P134 (according to the Fyn SH3 domainadaptor protein) was identified as an adapter protein
numbering) and are replaced by K745 and L759 in thethat upon association with the TCR complex becomes
C-terminal SH3-like domain of ADAP, respectively.tyrosine phosphorylated and thereby creates binding
These substitutions indicate a possible change in thesites for the SH2 domains of the Fyn kinase and of the
predominantly hydrophobic nature of the SH3 domainSLP-76 protein (da Silva et al., 1997; Musci et al., 1997)
peptide binding site that may influence the spectrum of(Figure 1A). ADAP has also been shown to colocalize
ligands that can be recognized by the domain. The three-with F actin and cytoskeletal proteins such as VASP and
dimensional structure of the ADAP C-terminal domainWASP in activated Jurkat T cells. A similar complex has
not only shows the canonical peptide binding surfacebeen found enriched in the phagocytic cups of activated
to be very different from the binding sites of all charac-macrophages (Coppolino et al., 2001; Krause et al.,
terized SH3 domains but also reveals an extension of2000). Furthermore, ADAP-deficient mice show a de-
the fold by an N-terminal amphipathic helix.crease in LFA-1-dependent adhesion of stimulated pe-
ripheral T cells (Griffiths et al., 2001; Peterson et al.,
Results and Discussion2001), and in mast cells 1 integrin clustering has been
reported to be regulated by ADAP (Geng and Rudd,
3D NMR Structure of the ADAP SH3-like Domain
The previously defined SH3 homology domain (residues*Correspondence: freund@fmp-berlin.de
1These authors contributed equally to this work. 705–765) was only partially soluble when expressed in
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Figure 1. Domain Architecture and Unusual Amino Acid Substitutions of the C-Terminal SH3-like Domain of ADAP
(A) Schematic diagram of the ADAP protein featuring the known sequence recognition motifs and protein interaction domains. NLS denotes
putative nuclear localization sequences, while the binding sites for SLP-76, Fyn, and VASP-EVH1 domain have been mapped experimentally
(see text).
(B) Sequence alignment of the ADAP-hSH3 domain with other putative hSH3 domains. ADAP_hSH3 (689-765) and ADAP_hSH3 (494-569) are
the C-terminal and N-terminal SH3-like domains of ADAP, respectively. ADAP_hSH3 (mm) denotes the mouse sequence of the ADAP homolog
and Pram_hSH3 is a recently identified adaptor protein in promyelocytic leukemia cells (Moog-Lutz et al., 2001). In addition, the sequences
of the “classical” SH3 domains of Abl, Fyn, and Lck are aligned. Numbers directly above the alignment correspond to the ADAP_hSH3 (689-
765) domain, italic numbering, and numbers flanking the sequences are for the full-length proteins.
E. coli, in contrast to a protein fragment comprising (Z scores between 2.2 and 5.5). Superposition of the
conserved regions of those domains with the corre-residues 683–771 of full-length ADAP. NMR chemical
shift and line width analysis of a hexa-histidine-tagged sponding regions in ADAP-hSH3 typically resulted in
rms deviations of 2.0–3.0 A˚ for the C atoms with se-version of the latter fragment showed that residues 689–
765 (domain numbering: residues 7–83) form a well- quence identities of 15%–25% for all residues. Inter-
active structural alignment of ADAP-hSH3 and the Fyn-ordered domain that we refer to as the ADAP-hSH3
domain in this study. A stereoview of the 20 lowest SH3 domain for 32 residues (excluding the loop regions)
resulted in an rms deviation of 2.0 A˚ for the C atomsenergy structures of the domain is shown in Figure 2A
and highlights the bipartite nature of the fold (see Table and confirmed the structural similarity of the conserved
twisted  sheet of the ADAP-hSH3 domain scaffold to1 for a summary of the structural statistics of the ensem-
ble). In addition to the twisted  sheet structure of the canonical SH3 domains.
Despite the presence of an additional hydrophobicSH3 domain, which defines the major structural unit of
the molecule (Figure 2), an N-terminal helix packs interface created at the helix-sheet junction, the ADAP
fragment investigated here should be viewed as a singleagainst the open side of the twisted sheet (Figure 2B)
and contacts residues from strands b, c, and d, thereby domain since the N-terminal helix is clearly part of the
overall fold of the protein domain. The rms deviation fordefining a hydrophobic core (Figure 2D). Residues T42
and R43 at the tip of the RT loop are also in close the amino acids that connect the N-terminal helix with
the canonical SH3 domain fold (residues 18–25) is com-proximity to the C terminus of the helix (K16), and van
der Waals interactions between these residues might parable to the rest of the domain, and the side chains
of this “connector” make numerous van der Waals con-further stabilize the helix-sheet interface. In comparison
to other SH3 domains, a fifth  strand adjacent to the tacts with the residues of the SH3 domain. This contrasts
with the observed case of SH3 domains involved in intra-single-turn 310 helix is not seen in ADAP-hSH3 and no
long-range NOEs from residues C-terminal to the 310 molecular interactions with target sequences that are
separated by flexible or partially flexible regions. In thehelix of the ADAP-hSH3 domain could be detected. One
interpretation of this is that an additional strand within latter case, a peptide similar or identical to the internal
target sequence can compete with the intramolecularADAP-hSH3 would perturb the correct packing of resi-
dues 13, 17, 19, and 23 against the b, c, and d strands. interaction when present in large excess (Andreotti et al.,
1997). For the ADAP SH3-like domain, such competitionA DALI search (Holm and Sander, 1993) performed with
the ADAP-hSH3 domain identified several SH3 domains could not be observed (data not shown). Sequence com-
parison (Figure 1B) reveals that a subset of SH3 domainsas protein folds with the highest structural similarity
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Figure 2. Solution Structures of the ADAP-hSH3 Domain
(A) Ensemble of the final 20 structures of ADAP-hSH3 domain. Structures are superimposed over the backbone atoms (C, C, N) of residues 7–83.
(B) Ribbon diagram of the lowest energy structure of ADAP-hSH3 domain, produced by the program MOLMOL (Koradi et al., 1996). Secondary
structure elements typical for a regular SH3 fold comprise a  sheet barrel (strands a–d), RT loop (between strand a and b ), nSrc-loop (between
strand b and c ) and a 310 helix. :  helix, a–d:  strands a–d.
(C) Electrostatic surface potential calculated with the program MOLMOL (Koradi et al., 1996) highlighting key residues on the surface of the
ADAP-hSH3 domain, in particular those of the N-terminal helix.
(D) Residues at the interface of the helix and the SH3 domain fold. The backbone ribbon belonging to the regular SH3 fold is indicated in
green, while the ribbon of the N-terminal extension is colored red. Side chains of residues of the extended N terminus and the regular SH3
fold are in blue and pale blue, respectively. Structures in (A) and (D) are shown as stereo images.
share characteristic features of the ADAP-hSH3 domain. The Interface of the N-Terminal Helix with the SH3
Domain FoldInterestingly, we could define residues 494–569 of ADAP
as a region of homology to hSH3 (residues 689–765), The amphipathic N-terminal helix of the sequence
EKDFRKKFK places the two phenylalanine residuesimplicating a tandem arrangement of hSH3 domains
separated by a 110 amino acid linker (Figure 1A). (F13 and F17) in a position that allows extensive van
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erties in the ligand binding site to that of the ADAP-Table 1. Structural Statistics for the ADAP-hSH3 Domain
hSH3 domain. Shown in Figure 3 are the characteristic
NMR distance restraints side chains of a canonical SH3 domain (Fyn tyrosine
kinase) in comparison to the side chains at equivalentTotal interresidue restraints 792
Sequential (|i  j|  1) 415 positions of the ADAP-hSH3 domain (Musacchio et al.,
Medium range (1  |i  j|  5) 29 1994). All five residues shown are directly involved in
Long range (|i  j|  5) 348 ligand binding by Fyn (Figure 3A) and contribute to the
Hydrogen bonds 15
formation of the three characteristic binding pockets ofTotal angle restraints 388
SH3 domains (Figure 3B). In the ADAP-hSH3 domain,Talos derived 113
three of these residues are substituted by a differentExperimental derived coupling constants 30
amino acid (S34, K63, L77). The most dramatic substitu-Mean rmsd values (in A˚)
Backbone (7–83) 0.407 tion is that of Trp→Lys at position 63 of the ADAP-hSH3
Heavy atoms (7–83) 0.9596 domain. Usually, the NH of this tryptophan provides a
Ramachandran statistics of 20 final structures hydrogen bond to a backbone CO group of the proline-
Residues in most favored regions 76.1%
rich ligand and the tryptophan side chain is orientedResidues in additional allowed regions 22.5%
parallel to the proline residue accommodated by theResidues in generously allowed regions 1.4%
central pocket (Figure 3B). Lysine at this position inResidues in disallowed regions 0.0%
ADAP-hSH3 introduces a positively charged head group
at the center of the canonical binding site (see Figure
3). In addition, the substitution of P134 in Fyn-SH3 byder Waals interactions with the  sheet residues Y73
L77 in the ADAP-hSH3 domain destroys the bindingand Y75 (Figure 2D). The bulge motif adjacent to the helix
pockets “floor,” since the leucine side chain is pointingallows for additional hydrophobic contacts between Y19
toward the solvent. The side chain of Y80 of ADAP-hSH3and Y75. In addition, I23, I56, and L65 contribute to the
is partially burried and together with L77 forms a smallhydrophobic core that constitutes the helix-SH3 fold
hydrophobic patch with a geometry different from theinterface of the ADAP-hSH3 domain. Within the SH3
analogous patch defined by Y137 and P134 in Fyn. Thedomain family, I/L/V positions 56 and Y75 are highly
first proline binding pocket is defined by Y91 and Y137conserved while hydrophobic residues at position 65
in Fyn-SH3, but the corresponding hydrophobic surfaceand 73 are present in 10% of known SH3 domains
depression is not observed in ADAP-hSH3 (Figure 3).(see the SMART database) (Schultz et al., 1998). These
Y132 in Fyn-SH3 (Y75 in ADAP-hSH3) contributes to theresidues are part of the  strands b, c, and d and do
specificity pocket as do residues of the nSrc and RTnot overlap with the proline binding site of SH3 domains.
loops of canonical SH3 domains. In ADAP-hSH3, Y75 isWe therefore suggest that the subclass of SH3 domains
partially buried as a result of the interaction with thewith hydrophobic amino acids at the ADAP-hSH3 do-
side chain of F17 of the N-terminal  helix (Figure 2D).main positions 65 and 73 possibly make interactions
The composite surface created by Y75, RT loop residueswith an N-terminal helix or other hydrophobic N-terminal
(T42, R43, K44), and the N-terminal  helix is a unique
extensions. Interestingly, in the case of the p67phox
feature of the ADAP-hSH3 domain.
C-terminal SH3 domain, an intermolecular interaction of
The ADAP-hSH3 domain is an example of how evolu-
the b, c, d  sheet with the non-PxxP part of an extended tion has shaped a new domain on the basis of a versatile
ligand occurs. The binding element recognized by the scaffold. While SH3 domains play a vital role in most if
p67phox b, c, d- sheet interface is a helix-turn-helix motif. not all eukaryotic organisms, the ADAP-hSH3 domain
Residues of this motif make several van der Waals con- has only be found in human, rat, and mice so far. Further-
tacts with residues of  strands b, c, and d and thereby more, the expression of ADAP seems to be restricted
strengthen the interaction between the p67phox SH3(C) to the cells of the hematopoietic lineage for which the
domain and its ligand (Kami et al., 2002). Helical encoun- ADAP-associated regulation of cell adhesiveness and
ter of the b, c, and d strands of SH3 domains therefore inflammatory responses are of prime importance. From
appears to be characteristic for a subset of SH3 domain- a structural point of view, the emergence of the hSH3
mediated interactions. Furthermore, intramolecular heli- domain is manifested by a combination of mutations at
cal interactions could be important for the stabilization functionally relevant positions and the N-terminal exten-
of intrinsically unstable SH3 core domains, possibly sion of the SH3 domain fold by amino acids that stabilize
through the burial of otherwise exposed hydrophobic the  sheet scaffold. While all of the structurally or func-
amino acids. In the case of the ADAP-hSH3 domain, the tionally characterized SH3 domains that bind to noncon-
helix therefore serves two purposes: first to stabilize the sensus ligands still contain the residues important for
SH3 domain fold, and second to change the environment the formation of the hydrophobic surface pockets (Ces-
of the canonical SH3 binding site, thereby potentially tra et al., 1999; Mongiovi et al., 1999; Barnett et al., 2000;
creating a ligand binding interface with altered specific- Kato et al., 2000; Ghose et al., 2001; Lewitzky et al.,
ity (see below). Sequence comparison also indicates 2001; Nishida et al., 2001; Kami et al., 2002; Liu et al.,
that the ADAP-hSH3 domain represents the first mem- 2003; Harkiolaki et al., 2003), the ADAP-hSH3 domain
ber of a subclass of SH3-like domains that share these is characterized by a lack of hydrophobic surface de-
novel features (Figure 1B). pressions.
Altered Surface Properties of the ADAP-hSH3 Domain Possible Functional Role
The conserved twisted sheet structure of the canonical Since the surface properties of ADAP-hSH3 are very
different from canonical SH3 domains, the ability ofSH3 domain fold has surprisingly different surface prop-
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Figure 3. Comparison of the ADAP-hSH3 Domain with the Fyn-SH3 Domain
Ribbon representations of ADAP-hSH3 (A) and Fyn-SH3 (B) (PDB entry 1FYN) displaying side chains of residues that are involved in ligand
binding in most canonical SH3 domains. For Fyn-SH3, the ligand is displayed as bonded structure. Comparison of the surface topology of
ADAP-hSH3 (C) and Fyn-SH3 (D). The same side chains as in (A) and (B) are shown. The canonical ligand binding site of the Fyn-SH3 domain
and the corresponding surface patch of ADAP-hSH3 are displayed as translucent surfaces. The conserved hydrogen bond of the side-chain
NH group of W119 to a backbone carbonyl group of the ligand is shown in Fyn-SH3.
ADAP-hSH3 to bind proline-rich sequences was ex-
plored. Various proline-rich sequences, corresponding
to representative ligands for SH3, WW, and EVH1 do-
mains, were spotted onto a cellulose membrane and
tested for binding to hSH3. Figure 4 shows a comparison
of the binding of these sequences to Fyn-SH3 and
ADAP-hSH3. As anticipated, Fyn-SH3 bound to a num-
ber of these sequences (Figure 4A), some of which corre-
spond to well-characterized Fyn ligands. However, no
binding was observed for the ADAP-hSH3 domain (Fig-
ure 4B). In support of this finding, phage display results
with ADAP-hSH3 as a bait showed no selection of pro-
line-rich ligands from a randomized 9-mer library (data
not shown). It was previously reported that the SKAP55-
Figure 4. Comparison of Binding Specificities of the SH3 Domains
derived peptide TRRKGDYASYYQG interacts with an from Fyn and ADAP-hSH3
ADAP fragment comprising residues 705–765 (Kang et
Binding of the ADAP-hSH3 domain and the Fyn-SH3 to proline-
al., 2000). We used NMR titration experiments to exam- rich sequences was investigated by SPOT analysis. Membranes
ine binding of the TRRKGDYASYYQG peptide, and no comprising ligands for WW (class I, II, III, and IV), EVH1 (class I and
II) and SH3 (-1R, -2R, -1K, -2K, -1@, -2D, and -X ORS) domains werechemical shift changes were observed that would be
developed with Fyn-SH3 (A) and ADAP-hSH3 domains (B). Severalindicative of an interaction (data not shown). In contrast,
positive interactions were observed for Fyn-SH3 including a cognatethe previously observed binding of the SKAP55 peptide
ligand from the p85 subunit of PI3K (position B4). In contrast, noto Fyn-SH3 could be confirmed (Kang et al., 2000). The
positive interactions were observed for ADAP-hSH3. Ligand class
Fyn binding epitope for the peptide is primarily located in classification according to Sparks et al. (1996); see Supplemental
the area of the negatively charged RT loop and involves Data at http://www.structure.org/cgi/content/full/12/4/603/DC1 for
peptide sequences.Y132 (Figure 3B). The RT loop of ADAP is positively
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charged and Y75 (at the homologous site to Y132 in residue within the nSrc loop to sterically allow the inter-
action between the two SH3 domains of p47phox. How-Fyn) interacts with the N-terminal helix, thereby partially
burying this residue. For reasons of change in hydropho- ever, as the corresponding residue in ADAP-hSH3 is
threonine, it is unlikely for ADAP-hSH3 to be a memberbicity and electrostatic potential, it is therefore plausible
that the SKAP55 peptide cannot bind to this conforma- of the suggested super-SH3 fold. The linker connecting
the two hSH3 domains of ADAP contains several of thetion of ADAP-hSH3. However, since the binding experi-
ments in this and in the previous study were performed established protein interaction motifs of ADAP, namely
the docking sites for the SH2 domains of Fyn and SLP-with protein fragments of different size (ADAP-hSH3
without the N-terminal extension versus hSH3), a possi- 76 and the EVH1 domain binding site for Ena/VASP pro-
teins. Since phosphorylation is a critical event in T cellble explanation would be that the N-terminal helix inter-
feres with the binding of the SH3 domain scaffold to activation and the function of ADAP, it is conceivable
that phosphorylation of tyrosine residues in the linkerSKAP55. We therefore examined a shorter fragment of
ADAP comprising residues 703–777 of the full-length region affect the ligand binding properties of the hSH3
domains. Future NMR studies will have to address theprotein. This fragment was partially unfolded in aqueous
solution, but could be obtained in sufficient quantities conformation and ligand binding properties of hSH3 in
the context of larger fragments of the ADAP protein.to perform NMR experiments. We could not observe
chemical shift changes upon addition of the SKAP55
Experimental Procedurespeptide to this helix-truncated construct, indicating that
the helix does not interfere with SKAP55 peptide bind-
Protein Purification of the ADAP-hSH3 Domaining, but is important for proper folding of the domain.
The N-terminal hexa-histidine-tagged protein used in this study
However, H/D exchange is faster for the helix than for comprises residues 683–771 of the full-length ADAP protein and
the  sheet of ADAP-hSH3 (data not shown), suggesting was expressed in E. coli BL21 (DE3) pLysS using the T7-promotor
that local helical unfolding might occur and that helix based expression vector pTFT74 (Freund et al., 1993). The protein
could be purified in a single step by Ni-NTA affinity chromatographydetachment could be part of dynamic restructuring
to greater than 90% purity. The molecular mass of a 15N-labeledevents within the ADAP multiprotein complex. Intramo-
sample was verified by mass spectrometry (measured mass lecular encounter of a helix by the SH3 domain scaffold
11,891.4 Da, calculated mass  11,893.1 Da). Samples were buffer
has been observed in the case of p47phox, and, interest- exchanged against 150 mM sodium chloride and 20 mM sodium
ingly, phosphorylation of serine residues within or close phosphate (pH 7.0) and used for NMR studies.
to the inhibitory helix is thought to relieve autoinhibition
and allow for the binding of p22phox (Groemping et al., NMR Spectroscopy
All NMR experiments were performed at 298 K using either Bruker2003). Note, that the two putative nuclear localization
DRX600 or DMX750 instruments equipped with standard triple-reso-sequences of ADAP extend into the N-terminal helix of
nance probes. Data processing and analysis were carried out withthe hSH3 domains (Figure 1A) and a conceivable interac-
the XWINNMR (Bruker) and Prosa/XEASY software packages (Ec-
tion of these sequences with the nuclear envelope might cles et al., 1991). Backbone assignments were based on the CBCA
well alter the conformation of the helix. However, func- (CO)NH (Grzesiek and Bax, 1992b), the CBCANH (Grzesiek and Bax,
tional studies shall reveal whether these sequences en- 1992a), and the HNCO (Kay et al., 1990) experiments, augmented
by selective experiments for residue-specific assignment (Schubertable the transport of ADAP into the nucleus.
et al., 2001). Side chain assignments were obtained by the useFrom a structural perspective, ADAP-hSH3 has been
of the HBHA(CBCACO)NH (Grzesiek and Bax, 1993) experiment inidentified as a compact and uniquely folded domain,
conjunction with a HCCH-TOCSY spectrum (Kay et al., 1993). As-
and we envisage a yet to be identified ligand to interact signment of aromatic side chains were made using a 2D TOCSY
with the newly defined protein domain. What are the recorded in D2O. NOE data were derived from 2D-NOESY, and
requirements for putative binding partners? Owing to 15N- and 13C-edited NOESY spectra, each recorded with 80 ms mix-
ing time. Hydrogen bond constraints were obtained by measuringthe predominantly positive surface potential (Figure 1C),
the NH signal intensities in a series of HSQC spectra taken afterwe expect charge complementarity in the ligand to play
dissolving the lyophilized protein in D2O-NMR buffer. Dihedral anglea role in the molecular recognition of ADAP-hSH3. In
constraints for the secondary structure elements in the protein were
addition, Y19, Y75, and L77 of the canonical binding site obtained from 3JHNH coupling constants for the rigid secondary
provide partially solvent-exposed hydrophobic patches structure elements within the protein domain. Stereo-specific as-
that possibly contribute to the binding of a ligand. The signments of the methyl groups of eight valine and leucine residues
were identified from the 13C-13C coupling pattern of a 10% 13C-labeledputative binding partner could conceivably be a noncon-
protein sample (Senn et al., 1989).tiguous epitope. Such unusual binding has been ob-
served for the SH3 domain of the p53BP2 protein which
Structure Calculationsinteracts with a discontinuous sequence in a loop region
Structure calculations were initially performed using the programof p53 (Gorina and Pavletich, 1996) and has been sug-
ARIA (Linge et al., 2003), where varying number of ambiguous and
gested for a small subset of yeast SH3 domains (Cesar- unambiguous assignments were used with a standard set of param-
eni et al., 2002). The occurrence of a second hSH3 do- eters. Additional dihedral angle restraints were derived by the pro-
main in ADAP suggests that it may bind to a bipartite gram TALOS (Cornilescu et al., 1999). Subsequently, structures were
calculated using the CYANA program (Guntert et al., 1997), andligand with interaction sites that are separated by sev-
additional NOE assignments were obtained using the CANDID rou-eral nanometers, since the linker between the domains
tine (Herrmann et al., 2002) invoked within CYANA. Although a rela-is of sufficient length to bridge distant binding sites. It
tively small number of ambiguous constraints were used in the finalis also possible that the two hSH3 domains cooperate
calculations, the quality of the structures clearly improved for both
to create a composite ligand binding site, as has been programs when the ambiguous constraints were included. The final
observed for the two SH3 domains of p47phox (Groemping structural ensemble was analyzed by PROCHECK-NMR (Laskowski
et al., 1996) and MOLMOL (Koradi et al., 1996). The 20 structureset al., 2003). The authors of this study identify a glycine
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with the lowest overall energy were considered as representative analysis of protein 2D NMR spectra using the software package
EASY. J. Biomol. NMR 1, 111–130.of hSH3. The structural statistics for the set of the 20 lowest total
energy structures is given in Table 1. Freund, C., Ross, A., Guth, B., Pluckthun, A., and Holak, T.A. (1993).
Characterization of the linker peptide of the single-chain Fv fragment
of an antibody by NMR spectroscopy. FEBS Lett. 320, 97–100.Binding Studies Using SPOT Synthesis
34 proline-rich peptides representing a set of ligand binding classes Geng, L., and Rudd, C. (2001). Adaptor ADAP (adhesion- and de-
for WW, EVH1, and SH3 domains were synthesized on Whatman granulation-promoting adaptor protein) regulates beta1 integrin
50 paper using an Auto-Spot Robot (ASP 222: Invartis AG, Ko¨ln, clustering on mast cells. Biochem. Biophys. Res. Commun. 289,
Germany). F-moc synthesis onto -alanine functionalized cellulose 1135–1140.
membranes was performed according to standard protocols
Ghose, R., Shekhtman, A., Goger, M.J., Ji, H., and Cowburn, D.
(Kramer and Schneider-Mergener, 1998). Membranes were pre-
(2001). A novel, specific interaction involving the Csk SH3 domain
washed once with ethanol and three times with Tris-buffered saline
and its natural ligand. Nat. Struct. Biol. 8, 998–1004.
(TBS), pH 8.0. The remaining binding capacity of the membrane was
Gorina, S., and Pavletich, N.P. (1996). Structure of the p53 tumoreliminated by a 3 hr incubation with blocking buffer (blocking reagent
suppressor bound to the ankyrin and SH3 domains of 53BP2. Sci-[Sigma Genosys] in TBS containing 5% sucrose). Subsequently,
ence 274, 1001–1005.the membranes were incubated overnight at 4	C with GST-fusion
proteins of Fyn-SH3 or ADAP-hSH3 (50 
g/ml) in blocking buffer. Griffiths, E.K., Krawczyk, C., Kong, Y.Y., Raab, M., Hyduk, S.J.,
The membranes were then washed three times with TBS and incu- Bouchard, D., Chan, V.S., Kozieradzki, I., Oliveira-Dos-Santos, A.J.,
bated with a GST primary antibody (Santa Cruz). Following a further Wakeham, A., et al. (2001). Positive regulation of T cell activation and
TBS wash and 2 hr incubation with an HRP-conjugated secondary integrin adhesion by the adapter Fyb/Slap. Science 293, 2260–2263.
antibody, peptide interactions were determined using a chemilumi- Groemping, Y., Lapouge, K., Smerdon, S.J., and Rittinger, K. (2003).
nescence substrate (SuperSignal West Pico; Pierce, IL) and quanti- Molecular basis of phosphorylation-induced activation of the
fied by a LumiImager (Boehringer Mannheim GmbH). NADPH oxidase. Cell 113, 343–355.
Grzesiek, S., and Bax, A. (1992a). An efficient experiment for sequen-
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